ABSTRACT. A shallow site in the western arm of Lake Superior near Duluth, Minnesota was sampled bimonthly from May to October during 1989 and 
INTRODUCTION
Bacterioplankton production changes in freshwater and marine systems because of the close coupling of bacteria with phytoplankton production and protistan grazing (Scavia and Laird 1987 , Cole et al. 1988 , Sherr et al. 1992 , Hwang and Heath 1997 . Bacterial biomass represents one of the most readily utilizable and protein rich food sources for aquatic microconsumers (Azam et al. 1983 , Murray and Hodson 1985 , Hwang and Heath 1997 . Although its value as a carbon source for heterotrophic nanoplankton (< 64 µm) has been questioned (Ducklow et al. 1986 , Pernie et al. 1990 ), more recent evidence indicates this view may be incorrect (Hwang 196 and Heath 1999) . Heterotrophic bacteria are often the major decomposers of dissolved and particulate organic matter and important agents of nutrient regeneration besides being a potential food item in aquatic systems (Caron et al. 1985 , Kirchman et al. 1991 , Biddanda et al. 2001 . In oligotrophic systems like Lake Superior, Cotner and Biddanda (2002) suggested that procaryotic heterotrophs are favored over phytoplankton and phagotrophic heterotrophs because a high proportion of dissolved nutrients are organic and a high proportion of available organic carbon is dissolved.
Even though bacterial abundance and production are related to phytoplankton abundance and primary production in most aquatic systems, riverine inputs and intermittent sediment resuspension caused by storms may confound these relationships (Robarts 1987 , Wainright 1990 , Cotner et al. 2000 , Auer and Powell 2004 . The effects of coupling bacterial communities with all these processes can result in tem-poral and spatial changes in bacterioplankton abundance and production (Moll and Brahce 1986 , Pace 1988 , Coveney and Wetzel 1992 . Increased knowledge about temporal and spatial changes in bacterioplankton communities can help identify the frequency of events like phytoplankton blooms, terrestrial inputs, and sediment resuspension that can control bacterioplankton dynamics. In addition, though, such studies are necessary to understand long-term trends and recognize other factors responsible for change.
The abundances, and oftentimes the production, of autotrophic nanoplankton and picoplankton (< 1 µm), heterotrophic nanoflagellates, and ciliated protozoa have been measured in Lake Superior (Munawar et al. 1978 , Fahnenstiel et al. 1986 , Munawar and Munawar 2001 . While bacterioplankton have been studied in other Laurentian Great Lakes, information about their seasonal and spatial distributions and production in Lake Superior remains scarce. This paper reports the abundances, cell shapes and biovolumes, and production of bacterioplankton measured in the western arm of Lake Superior during 1989 and 1990 . In addition to cell abundances, cell shapes can give insights about changes in bacterioplankton communities. Information about cell biovolume complements production measurements because size distributions can change as growth rates vary (Ammerman et al. 1984) . These data were used to identify seasonal and annual changes in bacterial biomass and production, help define nominal values, and evaluate spatial differences in bacterioplankton communities in the western portion of Lake Superior, especially differences related to benthic nepheloid layers (BNLs) and onshore-offshore gradients.
METHODS

Site Descriptions and Sample Collection
Bacterioplankton abundance and activity were measured approximately bimonthly for two years at one site in the Duluth depositional basin from May until October. Site LR-3 (46°28.20′N, 91°58.18′W) is located 3.8 km southeast of the Lester River near Duluth, MN (Fig. 1) . The lake is 35 m deep at this site. Water was collected from 1, 10, 20, 30, and 33 m during 1989 and 1990 using a polyvinylchloride VanDorn bottle. On several occasions, water samples were also taken at 5 m. Site LR-3 was sampled on 29 May, 15 Jun, 13 Jul, 7 and 30 Aug, and 13 Oct in 1989. During 1990, it (Fig. 1) . Surface water samples (0.2 m) were collected by immersing 20 L carboys below the water surface. All water samples from offshore sites were processed immediately aboard ship. River water samples were refrigerated, returned to the lab, and analyzed there (typically within 1 to 4 hours of collection).
On each date, subsamples of water were distributed for bacterioplankton measurements immediately after sampling (see details below). Water temperature was measured with a YSI (Model 58) temperature probe. Water for suspended solids, particulate organic carbon (POC), and dissolved organic carbon (DOC) measurements was collected at the same depths at offshore sites with a submersible pump attached to Tygon tubing (Hicks and Owen 1991) . At least two subsamples (2.5-4.0 L) were filtered through preweighed and ashed glass fiber filters (Whatman GF/C). Filtered samples were dried at 60°C to constant weight and reweighed to measure suspended solids. POC concentrations were measured with a dichromate wet oxidation method (Parsons et al. 1984) . Inorganic carbon was not measured; it does not interfere with the POC method. Dissolved organic carbon (DOC) concentrations of GF/C filtrates were measured with a Dohrman carbon analyzer (Hicks and Owen 1991) .
Additional water samples were collected from three other sites in the western arm of Lake Superior during later summer 1990 to investigate the spatial distribution of bacterioplankton abundance and activity (Fig. 1) . The first and second sites were in the Duluth depositional basin. The shallower site (71 m deep), SG-S (46°51.00′N, 91°45.80′W), was 13 km northeast of site LR-3. The second site, SG-D (47°01.82′N, 91°18.26′W), was located east of Two Harbors, Minnesota, 47 km from LR-3, and is 164 m deep. The third site, NOAA-3 (47°19.88′N, 89°14.99′W; 184 m deep), was in the Chefswet depositional basin near the Keweenaw Peninsula. Water at these three sites was collected aboard the R/V Seward Johnson and the Johnson-Sea-Link II (JSL-II) research submersible (Harbor Branch Oceanographic Institute, Inc., Fort Pierce, FL) from 27 Aug to 1 Sept 1990. Surface (5 m) and hypolimnetic (40 m) water was collected from the ship using a submersible pump (Hicks and Owen 1991) . An additional sample was collected at each site from 1 m above the sediment-water interface through an autoclaved Nalgene tube (3-mm diameter) connected to the robotic arm of the JSL-II submersible (McKee et al. 1989, Hicks and Owen 1991) . All samples were collected in acid-washed bottles that had been rinsed with 0.2 µm-filtered Milli-Q water. Subsamples for direct counts, suspended solids, POC, and DOC were taken immediately and the remaining sample was refrigerated (6°C; typically less than 1 h) until thymidine incorporation could be measured.
Three sites were used to investigate the relationships between cell production and thymidine incorporation. Water samples were collected at site LR (16 Jun 89), site LR-3 (16 Jun 89 and 25 Jul 90) and site NOAA-3 (27 Aug 90). Surface water samples (0.2 m) were collected at the Lester River sites by immersing 20 L carboys below the water surface. At NOAA-3, water samples were collected at 5 m and 183 m using a submersible pump and the JSL-II submersible, respectively. All water was refrigerated until the experiments relating bacterial cell production to the rate of thymidine incorporation were started (1-4 hours).
Bacterioplankton Measurements
Bacterioplankton Abundance
Three 10-mL subsamples from each sample were preserved immediately with formaldehyde (0.2 µm filtered, 2% final concentration), refrigerated, and counted within 2 weeks. The total number of bacterial cells was determined by epifluorescent direct counts (Zeiss microscope, total magnification 1,250 x) of DAPI-stained cells (Hobbie et al. 1977, Porter and Feig 1980) .
Cell Morphology and Biovolume
Representative microscopic fields from each subsample were photographed to categorize cell shapes and measure cellular dimensions. The shapes and dimensions of bacterial cells were analyzed for 34 and 38 different dates and depths in 1989 and 1990, respectively. Typically, five depths were sampled on six different dates each year. Between 13 and 101 cells (mean = 42) were examined at each depth. More than 1,280 individual cells were examined in 1989 and more than 1,795 cells in 1990. Cells were categorized into one of five cell shapes (coccus, rod, vibrio, filament, and spiral). The percentages of cells with different shapes were calculated for each date and depth and used to construct contoured scatter plots using negative exponential interpolation (Wilkinson 1989a , McLain 1974 .
Bacterial cell dimensions were measured on projected photomicrographs with a graduated caliper and corrected for enlargement using a photomicrograph of a stage micrometer. Cocci volumes were calculated assuming a spherical shape while rod-and filament-shaped cell volumes were estimated using the equation for a cylinder. Volumes of vibrioshaped cells were calculated by the equation: volume (µm 3 ) = π 2 Rr 2 -(2/3) πr 3 , where R is the vibrio width and r is the cell radius (e.g., 0.5 × cell width). Spiral volumes were calculated with the equation: volume
, where d is the cell width, D is the spiral width, and H is the spiral length. Average cell volume for all bacterioplankton was estimated by averaging the biovolumes of individual cells in each sample.
Thymidine Incorporation Rate
Bacterial production was estimated by measuring the incorporation of methyl[ 3 H]-thymidine (TdR) into material precipitated by ice-cold trichloroacetic acid (TCA; Fuhrman and Azam 1982) . Ten-mL sub-samples were pipetted into glass scintillation vials along with 5 to 15 µCi of TdR (60-80 Ci/mmol ICN Radiochemicals, Inc.). We determined in previous experiments that uptake was saturated by these concentrations of thymidine (data not shown). Two subsamples from each depth or time were killed with 37% formaldehyde (0.5 mL) and served as the controls. Three live vials were prepared for each sample. Four additional vials were prepared to estimate the effective thymidine pool size by an isotope dilution technique and used to correct for endogenous thymidine (Moriarty and Pollard 1981, Findlay et al. 1984) . All vials containing samples were placed in black plastic Mason jars filled with water and suspended at the depth from which they were taken. Laboratory incubations were conducted in the dark at temperatures similar to those in the field. Both field and laboratory samples were incubated for 1-2 h. Incorporation was stopped by adding 10 mL of ice-cold 10% TCA and the samples were refrigerated for at least 1 h or until they could be processed (within 1 week). Prior to filtration, 50 µL of a carrier solution (50 µg each of DNA and bovine serum albumin) was added to each vial. Each sample was filtered onto a membrane filter (Millipore, 0.22 µm pore) and rinsed three times with several mL of icecold 5% TCA. The filters were placed in scintillation vials and dissolved in 1.0 mL of ethyl acetate before adding 10 mL of Ecolume or Ecolite + (ICN, Inc.) liquid scintillation cocktail and counting radioactive decay (Packard model 2200CA liquid scintillation counter). Sample counts were corrected for quenching using external standards and isotope dilution before they were converted to pmol TdR incorporated/ L/h.
Data Analysis
Differences in bacterioplankton abundance, cell biovolume, or thymidine incorporation on different dates, or at different sites or depths from which samples were taken were determined by one-way and two-way analyses of variance (Wilkinson 1989b) . Relationships between temperature or chemical parameters and bacterioplankton abundance, biovolume, and production were tested using linear regression or correlation analysis (Wilkinson 1989b) .
Experiments Relating Thymidine Incorporation to Cell Production
Growth experiments were conducted on four occasions to determine the relationship between bacterial cell production and thymidine incorporation (Kirchman et al. 1982) . Water for these experiments was collected from three sites (LR, LR-3, NOAA-3) on three different dates by methods described earlier (Table 1) . One portion of water (900 mL) from each sample was filtered (0.2 µm) to remove bacteria and added to a sterilized flask. A smaller amount (100 mL) of "predator-free" water (0.8 µm filtered) con-TABLE 1. Summary of empirical conversion factors for calculating bacterial production from thymidine (TdR) incorporation rates. Site LR-3 was 3.8 km offshore from the mouth of the Lester River. NOAA-3 was in the Chefswet Basin of Lake Superior (see Fig. 1 ). taining native bacterioplankton was then added to the same flask. Three replicate flasks were prepared for each Lester River and LR-3 experiment. Single flasks were used for experiments in the Chefswet basin (site NOAA-3, 5 and 183 m). Typically, these flasks were prepared and the experiments initiated within 1 to 4 hours after the water was collected. After adding the "predator-free" water to each flask, the growth of bacterial cells was measured five times over a period of 2-3 d using direct counts and thymidine incorporation. A conversion factor relating cell production and thymidine uptake was then calculated using the equations of Kirchman et al. (1982) .
Incubation
The empirical conversion factors calculated for the western arm of Lake Superior (Table 1) were similar to factors derived by theoretical methods (e.g., ~1 to 2 × 10 9 cells/nmol, Bell 1990 ). Many studies have used theoretical conversion factors for estimating bacterial production but empirical conversion factors can range over two orders of magnitude in freshwater environments (Hwang and Heath 1997) . For example, the conversion factors we calculated (0.4 to 2.1 × 10 9 cells/nmol) were slightly smaller than those estimated for Lake Erie bacterioplankton during the summer (0.4 to 24 × 10 9 cells/nmol, Hwang and Heath 1997) but were at least an order of magnitude smaller than empirical factors calculated for Lake Michigan (Scavia and Laird 1987) . The reasons for differences in empirical conversion factors have been thoroughly discussed by others (Bell 1990 , Cho and Azam 1988 , Jeffrey and Paul 1988 , Hwang and Heath 1997 . Less severe nutrient limitation in Lakes Erie and Michigan may be reflected in higher conversion factors found there compared to Lake Superior (Bell 1990, Fallon and Boylen 1990) . We calculated empirical conversion factors for the western portion of Lake Superior so that bacterial cell production could be estimated accurately from our thymidine incorporation rates.
RESULTS
Temporal Changes and Spatial Differences at a
Nearshore Site (LR-3) in the Duluth Basin Each year during May, the water column was isothermal at site LR-3 in the Duluth basin. After July, the water column became thermally stratified ranging from 14°C to 19°C at the surface to 4°C to 6°C near the sediment (Fig. 2) . The mass of suspended solids was similar in the epilimnion over the course of each year (Fig. 2) but increased near the sediment-water interface during July and August indicating the development of a benthic nepheloid layer (BNL; all p's < 0.05).
Annual and Seasonal Differences in the Bacterioplankton Community
Disregarding changes with depth, there were annual differences in bacterioplankton abundance at site LR-3 in the Duluth basin (Fig. 3) . Considering May to October, bacteria were more abundant (p < . Bacteria were also usually more abundant at each depth during 1989. The only exception was that in both years bacterial abundances were similar (all p's > 0.05) at most depths during May (except at 20 m), before the water column became thermally stratified. Bacterial cells were also larger (p < 0.01) at site LR-3 during 1989 (0.067 [± 0.007 SE] µm 3 ) than in 1990 (0.025 [± 0.002 SE] µm 3 ). Cell biovolumes were only similar during July of these two years (data not shown; p > 0.05). Cell biovolume was weakly correlated with bacterial abundance (r 2 = 0.2, p < 0.01). When bacterioplankton were more abundant, cell biovolumes were usually larger. On an annual basis, the percentages of coccoid-, rod-, and vibrio-shaped cells were almost identical in 1989 and 1990 (Fig. 4) . Sixtyfour percent (1990) to 65% (1989) of the total cells were cocci, 28% (1989) to 29% (1990) were rods, and 7% of the total cells each year were vibrioshaped. Only a few bacterioplankton each year were filaments (0.2-0.6%) or spiral-shaped cells (0.2% both years). There were no consistent annual or seasonal patterns of thymidine incorporation during 1990 (Fig. 5) . Although the rate of thymidine incorporation varied from 0.2 to 47.2 pmol/L/h at site LR-3 during these years, the rates of incorporation at each depth were similar each month and year (all p's > 0.05). The average incorporation rate at LR-3 was 12.1 (± 1.3 SE) pmol/L/h considering all depths and both years.
Seasonal changes in bacterial measurements were less pronounced within each year than the annual differences between 1989 and 1990. Considering 1989 alone, bacterioplankton were least abundant during May but similar during other months (Fig. 3) . Cell abundances were similar at each depth during the other months of this year (p's > 0.05). During 1990, bacterioplankton abundance was also very similar from month to month with two exceptions. There were fewer cells at 1 m during August than in October (p < 0.05) and at 10 m there were more bacterioplankton during October than in any other month (p's < 0.05). Cell biovolumes were usually similar during each month from May to October in 1989 and 1990 (data not shown; p < 0.05). The only exception to this pattern was that cell biovolumes were smaller in early summer (May, July) than in August during 1989. There was no significant month-to-month variation in the thymidine incorporation rate at site LR-3 during 1990 (Fig. 5) .
Changes with Depth at Site LR-3
During both 1989 and 1990, bacterioplankton abundance changed with depth each month, generally decreasing from the epilimnion to the hypolimnion (Fig. 3 , all p's < 0.05). Cell biovolumes were similar at all depths during each month in both 1989 and 1990 (data not shown, all p's > 0.05). Considering the entire water column, the rate of thymidine incorporation only decreased with depth at site LR-3 on 30 Aug 1989 and 16 Oct 1990 (Fig. 5 , both p's < 0.05). There were no differences in the rate of thymidine incorporation at different depths during the other months examined each year.
During July and August each year, suspended solids concentrations increased from 20 m to the sediment-water interface ( Fig. 2 ; all p's < 0.01) indicating that a benthic nepheloid layer (BNL) had formed at site LR-3. The presence of a BNL could not be established on 30 Aug 1989 because suspended solids concentrations were not measured. Only on 15 Aug 1990, however, did bacterioplankton abundance increase near the sediment-water interface (all p's < 0.10) concurrently with the increase in suspended solids. Although the rate of thymidine incorporation appeared to increase near the sedimentwater interface as well, the data were too variable to demonstrate a significant trend (Fig. 5) . On the other dates (i.e., 13 Jul 89, 7 Aug 89, and 18 Jul 90), bacterial abundance decreased near the sediment-water interface ( Fig. 3 ; all p's < 0.10). On the same dates in July and August, cell biovolumes and thymidine incorporation rates were not different between 20 m and the sediment-water interface (all p's > 0.10).
Relationships between Temperature, Organic Carbon, and Bacterial Measurements at LR-3
Relationships between temperature, organic carbon, and bacterial measurements were explored at site LR-3 in both 1989 and 1990. More bacterioplankton were observed in warm than in cool water during 1989 at this nearshore site ( Fig. 6 ; r 2 = 0.61, p < 0.01). During 1990, however, abundance was not related to water temperature and thus, this relationship was weaker when data from both 1989 and 1990 were considered together (r 2 = 0.17, p < 0.01). Cell biovolume was also related to water temperature in 1989 (r 2 = 0.35, p < 0.01) but not in 1990 (Fig. 6) . Thymidine incorporation was only weakly related to temperature (r 2 = 0.13, p < 0.05) from May to October during 1990. There was not a significant relationship between temperature and the rate of thymidine incorporation during 1989 (Fig. 6) .
Bacterioplankton abundance and the rate of thymidine incorporation were not related to the concentration of suspended solids during 1989 or 1990 (Fig.  6 ). There was no relationship between suspended solids and cell biovolume in 1989. However, cell biovolumes were smaller as the concentration of suspended solids increased in 1990 (r 2 = 0.17, p < 0.05). Interestingly, bacterial abundance, cell biovolume, and thymidine incorporation were not related to either the concentrations of DOC or POC each year ( Fig. 7 ; all p's > 0.05).
Nearshore and Inter-basin Differences in the Western Arm of Lake Superior
Comparison of the Lester River (LR) and a Nearshore Site (LR-3) in the Duluth Basin
The mouth of the Lester River (LR) was sampled on seven occasions during 1989 and 1990 to compare with the nearest site in Lake Superior (LR-3). On each date, suspended solids, DOC, and POC concentrations were much larger at the river mouth than at site LR-3 (3.8 km from the mouth of the Lester River). Suspended solids and POC were more than twice as concentrated in the river mouth than offshore (both p's < 0.01) considering all the dates when samples were taken ( Table 2 ). The average DOC concentration was more than 5 times higher in the river mouth than at LR-3 (p < 0.01). Measurements of bacterial abundance and production were also consistently higher at the mouth of the Lester River compared to LR-3. Overall, bacteria were about twice as abundant in the river mouth (p < 0.05) and the rate of thymidine incorporation was almost 10 times higher (p < 0.01) than at LR-3 (Table  3) . Interestingly, the average biovolume of bacterial cells was similar in water from the river mouth and site LR-3 (p > 0.05).
Differences at Offshore Sites in the Duluth and Chefswet Basins of Lake Superior
Three sites in addition to LR-3 were visited in the western portion of Lake Superior during late August 1990 to investigate spatial differences in bacterioplankton abundance and production. The sites in the Duluth basin (LR-3, SG-S, SG-D) formed a transect extending 47 km northeast along the western arm from the first site (LR-3) near Duluth, MN. There was more DOC in the epilimnion at the Duluth basin sites (p < 0.05) than at the site furthest offshore in the Chefswet basin (NOAA-3) but DOC concentrations were similar in the hypolimnion and near the sediment at all of these sites (Table 4) . Suspended solids concentrations were higher in the hypolimnion and near the sediment surface at the shallower sites, LR-3 and SG-S, than at the deeper sites SG-D and NOAA-3, which are further offshore (Table 4 ; p's < 0.05). This difference was due to a BNL that had formed at LR-3 in August 1989 (Fig. 2) . A BNL also appeared to be present at site SG-S on 1 Sept 90 because suspended solids were higher above the sediment than in the hypolimnion (Table 4) , the organic content of suspended solids near the sediment (i.e., 9%) were typical of BNLs in the western arm of Lake Superior (ca. 10%, Baker et al. 1985) , and the TABLE 2. Physical and chemical characteristics of water at the mouth of the Lester River (LR) and 3.8 km offshore at site LR-3 in the western arm of Lake Superior. The mean of independent replicates is given (n = 1 to 3; nd = not determined). Standard errors of the mean are shown in parentheses. Lester River samples were taken at 0.2 m. Samples taken at 1 m or averaged over the entire water column (an average of samples from 5-6 depths) are given for site LR-3. Site averages with the same superscript letter were significantly different (p < 0.05). water clarity was very low near the sediment when observed from the JSL-II submersible. Suspended solids concentrations in the hypolimnion and near the sediment at sites SG-D and NOAA-3 indicated that benthic nepheloid layers were not present at these deeper, offshore sites (Table 4) . More bacterioplankton were observed in the epilimnion (p's < 0.05) and at the sediment-water interface (both p's < 0.05) at the two shallower sites in the Duluth basin (LR-3 and SG-S) compared to the deeper and more offshore sites examined (Table 5) . However in the mid-hypolimnion, bacterioplankton were more concentrated at the Chefswet basin site (NOAA-3) than at two of the sites (LR-3, SG-D) in the Duluth basin (both p's < 0.05). At the two shallower sites where a BNL was present (LR-3 and SG-S), bacterioplankton were only more abundant near the sediment-water interface at site LR-3 (p < 0.05). Bacteria were less abundant near the sediment-water interface than in the epilimnion or hypolimnion at the deeper sites (SG-D and NOAA-3; both p's < 0.05). This pattern could be related to the absence of a BNL at these sites. Like site LR-3, most bacterioplankton were cocci in other areas of the western portion of Lake Superior (Table 6 ). Coccoid-shaped cells appeared to be more common near the sediment surface and rodshaped cells were more common in the epilimnion and hypolimnion at these sites (Table 6 ). Epilimnetic cell volumes were similar at sites in the Duluth basin (p > 0.05), but these cells were smaller than cells in the epilimnion at site NOAA-3 (Table 2 , all p's < 0.05). Cell biovolumes were not different in the hypolimnion and above the sediment surface at all sites examined (all p's > 0.05).
The rate of thymidine incorporation was similar at all sites when samples from the epilimnion, hypolimnion, and above the sediment surface were compared (Table 5 ; all p's > 0.05). The rates of thymidine incorporation were similar in the hypolimnion and near the sediment-water interface at the shallower sites where a BNL was present (p's < 0.05). Although the thymidine incorporation rate appeared to be lower near the sediment at the deeper offshore sites (SG-D, NOAA-3), these rates were not significantly different from rates measured in the hypolimnion at these sites (p's > 0.05). Overall, no differences in the rate of thymidine incorporation were detected at the Duluth basin or Chefswet basin sites. Considering all sites and depths, the average rate of thymidine incorporation was 14.6 (±1.2 SE) pmol/L/h along this transect (Table 5) .
DISCUSSION
Interannual Variability at a Shallow Nearshore
Site in the Duluth Basin Bacterioplankton abundances in the western arm of Lake Superior were similar to those reported for marine systems and other Laurentian Great Lakes as well as another region of Lake Superior (Auer and Powell 2004) . Seasonal changes in bacterioplankton abundance and production have been observed in Lake Michigan Laird 1987, Pernie et al. 1990) . Similarly, seasonal differences in the number of culturable heterotrophic bacteria in the surface waters of Lake Superior have also been observed (Rao 1978) . Like these previous studies, there were changes in bacterial abundance at site LR-3 in the western arm of Lake Superior due to the year examined and the depth from which samples were taken. Bacterial cell volume and the rate of thymidine in- Overall, the most striking feature of the data from LR-3 was that bacterioplankton were more abundant and the cells were larger from May to October during 1989 than in 1990 (Fig. 3, Table 3 ). These differences may be related to temperature (Fig. 6) . Bacterioplankton abundance and cell biovolume were both positively correlated with temperature in 1989 but not in 1990 (Fig. 6 ). There are often strong relationships between temperature and bacterial production as well as cell abundance in aquatic environments including the Laurentian Great Lakes (Scavia and Laird 1987 , Hicks and Owen 1991 , White et al. 1991 . However, the rate of thymidine incorporation was only weakly related to temperature at site LR-3 and only during 1990 (Fig. 6) . Cole et al. (1988) demonstrated that bacterial production estimated by a variety of methods was correlated with primary production suggesting that phytoplankton may be an important source of organic substrates to bacterioplankton. It is interesting to compare phytoplankton and bacterial carbon production in Lake Superior during August; a period when bacterial activity is often the highest of the year in the Laurentian Great Lakes (Scavia and Laird 1987 , Hwang and Heath 1997 , Auer and Powell 2004 . During August, phytoplankton production is usually between 1 to 2 µg C/L/h in the western arm of Lake Superior (Parkos et al. 1968 , Rose 1992 . The average rate of thymidine incorporation over the entire water column at LR-3 was 12.1 pmol/L/h (Fig.  5 ) and the average cell biovolume was 0.050 µm 3 (Table 3) . If an empirical conversion factor of 0.8 × 10 9 cells/nmol (Table 1) and a carbon conversion factor of 0.25 pg C/µm 3 (Cotner et al. 2000 , Psenner 1993 ) are used, then bacterial carbon production at site LR-3 would average 0.12 µg C/L/h or between 6% and 12% of primary production in this part of Lake Superior.
Although bacterioplankton abundance and production were not correlated with DOC or POC concentrations from May to October at LR-3 (Fig. 7) , these results do not preclude the possibility of bacterioplankton in Lake Superior being dependent on other organic matter sources in addition to phytoplankton at other times of the year. Seasonal drawdowns of DOC, springtime riverine inputs of organic matter, and periodic sediment resuspension probably supplement organic matter from phytoplankton that is available to support bacterioplanktonic production in Lake Michigan (Scavia and Laird 1987 , Cotner et al. 2000 , Biddanda et al. 2001 . Bacterioplankton in Lake Superior may be even more dependent upon these periodic DOC and POC sources than bacteria in the more productive Great Lakes (Auer and Powell 2004) . Unfortunately, we were unable to collect samples when terrestrial inputs probably peaked during the spring runoff period (ca. March and April) to determine if bacterioplankton production and DOC or POC were related at other times of the year.
Influence of a Benthic Nepheloid Layer
Resuspending sediments can increase bacterioplankton abundances and stimulate the production of planktonic microorganisms (Wainright 1990 , Hicks and Owen 1991 , Cotner et al. 2000 . Data from our study indicate that these changes may not always happen though. During July and August each year, the vertical profile of suspended solids indicated that a benthic nepheloid layer (BNL) had formed at site LR-3 (Fig. 2) . On only one of four occasions (e.g., 15 Aug 90) when a BNL was present, however, did bacterioplankton abundance increase significantly near the sediment-water interface (Fig. 3) . Also, the rate of thymidine incorporation did not increase near the sediment on any of these occasions, even though it appeared to increase on 15 Aug 90 (Fig. 5) . Although a BNL was present at site SG-S, the rate of thymidine incorporation did not increase near the sediment like at LR-3 and bacterioplankton abundance actually decreased near the sediment-water interface (Table 5) . Combined, these results indicate that the presence of a BNL does not always indicate a zone of increased bacterioplankton abundance and production. Thus, we must conclude that resuspending sediments may not always increase bacterioplankton abundance or stimulate their production. Other factors in addition to resuspended particles, nutrients and microorganisms probably control bacterioplankton abundance and production in BNLs as well.
Nearshore and Interbasin Differences in the Western Portion of Lake Superior
Differences between the Lester River (LR) and a Nearshore Site (LR-3)
It is clear that the chemical and biological characteristics of water at the mouth of the Lester River from May to September were different from the site in Lake Superior (LR-3) that was nearest to the shoreline (Tables 2 and 3) . Even though site LR-3 is within 3.8 km of the mouth of the Lester River, nearshore bacterioplankton did not appear to be strongly influenced by this river. Bacterioplankton abundance, cell biovolume, and the rate of thymidine incorporation at LR-3 were more similar to values measured at site SG-S, almost 13 km away in Lake Superior, than they were to values measured at the Lester River mouth. Although it is a substantial river, the normal discharge of the Lester River from May to September may be too small to impact Lake Superior very far from the shoreline. If samples were taken during the peak of the spring runoff (late March to early April) or immediately after major summer thunderstorms (Robarts 1987) , then the impact of this coastal river on nearshore bacterioplankton might be larger.
Inter-basin Differences at Offshore Sites during Late Summer
The morphology of a lake basin may influence onshore-offshore gradients of productivity in addition to riverine discharge. A shallow depth gradient confines the influence of riverine inputs and provides opportunities for storms to resuspend sediments Johnson 1989, Cotner et al. 2000) . Several studies have demonstrated that bacterioplankton abundance and production can decrease from nearshore to offshore areas in Lake Michigan (Moll and Brahce 1986, Scavia and Laird 1987) and Lake Erie (Hwang and Heath 1997, 1999) . In these studies, measurements at shallow nearshore sites (sometimes within bays) were compared to much deeper sites further offshore (i.e., 10 to 25 km from the shoreline).
During late summer, bacterial abundance in our study was also greater at most depths at the shallower sites (i.e., LR-3, SG-S) in Lake Superior compared to the deeper sites further offshore (i.e., SG-D, NOAA-3; Table 5 ). This pattern was consistent with bacterial abundances decreasing from nearshore to offshore sites in Lakes Michigan and Erie. However, higher rates of thymidine incorporation were not measured at the shallower sites in the western arm of Lake Superior. Nearshore-offshore gradients in bacterial abundance and productivity were rarely observed by Auer and Powell (2004) in 1999 and 2000 along the south shore of Lake Superior. On the few dates that gradients in bacterial abundance and productivity were detected, they did not develop as systematically as nearshore-offshore gradients of temperature or chlorophyll. Water depth increases very quickly with distance from the north shore of Lake Superior compared to the south shore of this lake or to other Laurentian Great Lakes. This geomorphic difference between the locations of our research sites and the sites of other investigations may explain why strong gradients of bacterial abundance and production were not seen along the transect from sites LR-3 to NOAA-3 in our study. The only true "nearshore" site in our study may have been at the mouth of the Lester River. Thus, it may be more appropriate to compare the results from our Lake Superior sites to the deeper offshore sites in other studies of the Laurentian Great Lakes.
During August 1990, bacterial abundances at the Duluth and Chefswet basin sites (0.5-1.6 × 10 9 cells/L; Table 5 ) were similar to abundances measured at offshore sites near the Keweenaw Peninsula of Lake Superior (0.1--1.0 × 10 9 cells/L; Auer and Powell 2004) but much smaller than abundances measured in Lakes Michigan and Erie. The bacterial abundances we measured were at least two times lower than at an offshore site in Lake Michigan during August (~ 2.5 × 10 9 cells/L; Cotner et al. 2000) and almost an order of magnitude lower than in August at an offshore area in Lake Erie (5.8-6.3 × 10 9 cells/L; Hwang and Heath 1999) .
Bacterial production in the Duluth and Chefswet basins of Lake Superior was similar to one estimate for Lake Michigan and much smaller than estimates for Lake Erie and another region of Lake Superior. The rate of thymidine incorporation in the Duluth and Chefswet basins in late August and early September averaged 14.6 pmol/L/h when all sites and depths were considered (Table 5) . If an empirical conversion factor of 0.8 × 10 9 cells/nmol (Table 1) , the mean cell biovolume (0.031 µm 3 ; Table 5 ), and a carbon conversion factor of 0.25 pg C/µm 3 (Cotner et al. 2000 , Psenner 1993 ) are used, then the average rate of bacterial production at these sites would be 0.09 µg C/L/h. This rate is similar to the production estimated for an offshore site in Lake Michigan during August 1998 (0.05 µg C/L/h; Cotner et al. 2000) , about 1.5 to 5 times more than production measured off the Keweenaw Peninsula (0.02 to 0.06 µg C/L/h; Auer and Powell 2004) , and 1.7 to 10 times less than bacterial production at an offshore site in Lake Erie during August 1993 and 1994 (0.15 and 0.91 µg C/L/h, respectively; Hwang and Heath 1999).
In conclusion, bacterioplankton abundance demonstrated the most pronounced temporal and spatial differences in the western arm of Lake Superior compared to cell biovolume and production. Although some seasonal changes in bacterioplankton abundance were observed at a nearshore site in the Duluth basin (LR-3), the greatest differences were the changes in cell abundance and biovolume be-tween 1989 and 1990 at this site. These changes may be related to temperature but bacterial abundance, biovolume, and production were not related to DOC or POC concentrations in either year. Bacteria were more abundant and productive at the mouth of the Lester River than at the nearest offshore site in Lake Superior, indicating that this river may have limited influence on offshore bacterioplankton communities at least over the period of our study. During July and August, a benthic nepheloid layer formed at the shallower sites in the western arm of Lake Superior but bacterial abundance and production were not always higher in this BNL. Although bacterial abundances were often greater at the shallower sites compared to the deeper sites further offshore during late summer, a strong gradient was not found and no change in bacterial production was observed. These results may be due to in part to the lake basin morphology in this region of Lake Superior as well as the limited period, a few days in late August 1990, when these offshore sites were investigated.
